We assessed growth and physiological responses of Eucalyptus and Corymbia species to water limitation aiming to widen possibilities for plantations in dry climatic conditions. We selected 16 taxa: 4 Corymbia and 12 Eucalyptus species from the Subgenera Symphyomyrtus. Seedlings were evaluated from 100 to 170 days after sowing. Growth and physiological traits showed significant differences among taxa and between two levels of water availability. Water limitation significantly impacted biomass production and physiological characteristics, however in different levels. Leaf area and biomass production decreased 15%-48% under water limitation among taxa. Eucalyptus moluccana, CCV 2, and VM1 (drought tolerant clone) showed the largest decrease in leaf area. Transpiration across taxa decreased 30%-57% and photosynthesis 14%-48% under water limited condition. Taxa from cold environments were less responsive in leaf area reduction under water limitation, and taxa from Exsertaria section showed lower reduction in photosynthesis (E. camaldulensis showed the lowest reduction). Responses to water limitation are related to the environment of origin. E. molucana, the only Adnataria species from a high precipitation region (>1500 mm year´1), was one of the most sensitive in reduction of biomass production, different behavior from the other Adnataria species, originated in regions with rainfall <750 mm year´1. Water limitation increased leaf-level water use efficiency by 18% on average, 8% in E. longirostrata, and 28% in E. camaldulensis, E. brassiana, and E. crebra. Growth and physiological responses observed show the potential of different eucalypts taxa to tolerate water limited environments.
Introduction
The majority of commercial forest plantations in Brazil are generally planted with eucalypts (Eucalyptus and Corymbia species and hybrids), due to high wood productivity, ease of vegetative propagation, and desirable wood traits [1, 2] . The expansion of these plantations is underpinned by substantial investment in research and operational improvements in breeding and silvicultural management over the last 30 years [3] . Part of the expansion of forest plantations is occurring in regions with different climatic conditions to the traditional silviculture areas, in some cases with strong environmental stresses (e.g., extended dry periods and high temperatures), negatively impacting tree survival and growth. Additionally, climate change is threatening traditional regions of Eucalyptus and Corymbia plantations due to the potential of increase in intensity and longer periods of drought, resulting in significant decrease of forest plantation productivity [4] .
Eucalypts show several adaptations to avoid or tolerate environmental stresses [5] such as reduction in canopy leaf area; increased partitioning of carbohydrates to root growth; change in size, thickness, and distribution of leaves; stomatal closure; and production of osmoregulators [6] [7] [8] [9] . However, depending on the frequency, duration, and severity of droughts, plant age and plasticity (within and among species), and changes in structural, physiological, biochemical characteristics may not be enough to avoid significant reduction in growth and mortality [4, 10, 11] .
Studies focusing on effects of water stress on eucalypts show a wide range of behaviors among and within species. Ngugi et al. [12] studied the effects of duration and intensity of water stress on gas exchange and leaf water potential in E. cloeziana F. Muel from humid (Gympie) and dry regions (Hungry Hills), and E. argophloia Blakely from dry region (Chinchilla). They found that E. argophloia showed a higher net photosynthetic rate and stomatal conductance than both provenances of E. cloeziana. Ladiges [13] found that seedlings of E. viminalis Labil from four provenances showed differences in drought tolerance that are related to the severity of the drought in the occurrence area. The provenance with increased drought tolerance was able to maintain relatively high transpiration rates under moderate stress. Costa and Silva et al. [14] studied the mechanisms of drought tolerance in a susceptible and tolerant E. globulus Labil clone. They observed that the drought tolerant clone maintained higher leaf water potential throughout the day and sustained greater biomass production than the drought susceptible clone.
The behavior of plants under environmental stress varies among and within species and provenances due to divergent evolutionary processes under environmental variation in the original region, thus the knowledge of different strategies to cope with drought is useful in breeding programs. Usually, productivity and drought tolerance are inversely proportional and adaptations result in wide range of growth rates to different taxa under water limited conditions [15] .
A limited number of eucalypts species are significantly used in plantations worldwide [16] ; however, there are several species or hybrids with potential to be developed for stressful climatic conditions. There is also great interest in hybrids to improve desirable combinations [17] . Clonal propagation has allowed the adoption of hybridization in breeding programs for commercial exploitation of the heterosis in Eucalyptus genus. The technique is commonly applied to identify eucalypts hybrids with increased stress tolerance [18, 19] .
Our objective was to evaluate responses of currently non-commercial species to changes in water availability aiming to identify desirable physiological and morphological characteristics related to drought tolerance.
Material and Methods

Seedling Production and Experimental Site
The experiment was conducted in a greenhouse at the São Paulo State University, in Jaboticabal-SP, Brazil (21˝15 1 S, 48˝19 1 W, 605 m a.s.l.). The Köppen climatic classification for the region is Cwa [20] . The seedlings and cuttings (two commercial clones) were grown in polypropylene containers filled with 55 cm 3 of organic substrate (20% rice husk, 35% pine bark, 30% coconut fiber; and 15% vermiculite). Fertilization before 100 days was performed four times a week, with 5 mm of solution (Calcium nitrate 450 g; Ammonium nitrate 300 g; Monoammonium Phosphate 250 g; Potassium nitrate 300 g; Magnesium sulfate 250 g; Ammonium sulfate 250 g ; Tenso iron 2.5 g; Manganese sulfate 0.85 g; Boric Acid 0.75 g; Zinc sulfate 0.325 g; Copper sulfate 0.1 g; and Sodium molybdate 0.005 g in 1000 L of water). After 100 days, seedlings were transplanted into plastic containers filled with 7 dm 3 of sand and acclimated (with irrigation and fertigation) for 30 days prior to the imposition of water availability treatment. During the trial, plants were fertigated weekly (210 g of nitrogen, 31 of P, 234 g of K, 200 g of Ca, 48 g of Mg and 64 g of S in 1000 L of water) aiming to eliminate potential nutritional limitation [21] . 
Experimental Design
The experiment was established as a complete randomized block design with eight replicates of the 32 treatments, with 256 seedlings, comprising 16 taxa (Table 1) and two water regimes.
Irrigated (IRR): plants received daily irrigation of 400 mL to maintain at least 60% of the maximum water retention in the soil (soil moisture > 20%; Ψ s < 0.02 bar), eliminating water limitation; and -Water limited (WL): irrigation was suspended until the occurrence of visual symptoms of stress (leaf wilting), when the plants were irrigated with 500 mL, corresponding to approximately 20% of soil capacity retention, repeating the cycle (soil moisture 3% to 10% v/v; 0.1 < Ψ s < 1 bar).
Physiological and Biometric Measurements
Plants were submitted to 16 cycles of water stress over the study period, considering day zero as the beginning of the treatment imposition. At days 15, 25, 55, and 65, we measured photosynthesis (A), stomatal conductance (g s ) and transpiration (E) using a portable infrared gas analyzer (LCPro, ADC, England). Measurements were carried out between 7:30 and 11:00 h, using photosynthetically active photon flux of 1000 µmol m´2¨s´1 and CO 2 concentration of 380˘10 ppm. Measurements were performed on one fully expanded leaf from the upper third of the crown of four plants per treatment. Leaf-level instantaneous water use efficiency (WUE i ) was calculated by the ratio between A and E. Due to the large number of samples, analyses were performed on two consecutive days (two blocks a day) in each evaluation. Total height, ground-level stem diameter, total leaf area, number of leaves, shoot and root biomass, were evaluated in the end of the experiment (at day 70). Total plant leaf area was determined using the LI-3100 Area Meter (LI-Cor Biosciences, Lincoln, NE, USA). Shoot and root dry biomass was determined on a precision scale (0.001 g) after drying for 96 h at 65˝C.
Statistical Analysis
Analyses of variance were performed to evaluate significant statistical differences between levels of water availability (WL and IRR), among species and interaction between both for biometric (total height, ground-level stem diameter, total plant leaf area, aboveground and root biomass and specific leaf area) and physiological (photosynthesis, stomatal conductance, transpiration and instantaneous water use efficiency) traits. Physiological data was averaged and analyzed across the four measurements that showed little decline in physiological data along the time for all treatments (days 15, 25, 55, and 65 after water manipulation imposition). Significant differences were analyzed with a post hoc Scott-Knott Algorithm to separate treatment means into discrete groups. Linear regressions between stomatal conductance and transpiration, stomatal conductance, and photosynthetic rate, and photosynthetic rate and transpiration were fitted and compared using analysis of variance. All datasets passed on normality and variance homoscedasticity tests, and no transformations were needed. The probability level used to determine significance on all the analysis was p < 0.05. The analyses were performed using R 3.1.0 and the package ExpDes (R Core Team). 
Results
Growth and physiological variables showed significant differences among taxa and between water availability (except specific leaf area to water availability). Total height, root, stem, total biomass, and transpiration showed significant interaction between taxa and water availability ( Table 2) .
The negative effect of water limitation was higher on leaf area (decreasing from 1098 to 722 cm 2 tree´1) and biomass production. Above-ground biomass decreased from 21.5 to 14.4 g tree´1 and root biomass from 7.2 to 4.2 g¨tree´1, leading to an average decrease of 33% compared to the irrigated seedlings for all taxa (Table 3) . Eucalyptus moluccana, CCV 2 and VM1 (a current commercial clone) showed the largest decrease in leaf area (~48%) whereas the least affected taxa were CT and E. brookeriana (less than a 20% decrease in leaf area). The total number of leaves per plant decreased on average from 158 to 115 (´27%); this reduction was less pronounced in species belonging to the Corymbia genus. Total height and diameter decreased on average 15%, from 70.1 cm to 58.8 cm, and from 7.8 cm to 6.6 cm, respectively, under water limited conditions. Specific leaf area (SLA) did not show a regular overall pattern, with increases in five taxa and decreases in 11 taxa, however all Corymbia species showed decrease in SLA under water limited condition.
Water limitation reduced all physiological variables. Average transpiration in irrigated plants was 4.15 mmol m´2¨s´1, decreasing to 2.38 mmol m´2¨s´1 under water limited condition ( Table 4) . The most conservative taxa were CT and E. moluccana, showing the largest decrease under water limited conditions, from 3.48 mmol m´2¨s´1 to 1.47 mmol m´2¨s´1 (reduction of 58%) and from 3.97 mmol m´2¨s´1 to 1.69 mmol m´2¨s´1 (reduction of 57%), respectively. Stomatal conductance decreased on average 39% due to water limitation, from 0.33 mol m´2¨s´1 to 0.2 mol m´2¨s´1 among plants. The most responsive was CT (reduction of 64%) and the least was E. amplifolia (reduction of 10%). The average photosynthetic rate decreased from 12.3 µmol m´2¨s´1 to 8.3 µmol m´2¨s´1 under the water limited conditions. Similarly, the most conservative taxa was CT, which decreased 53% (from 10.41 µmol m´2¨s´1 to 4.90 µmol m´2¨s´1); the least conservative was E. camaldulensis, with a reduction of only 14% (from 10.34 µmol m´2¨s´1 to 8.85 µmol m´2¨s´1). E. argophloia, E. amplifolia, and E. crebra showed the highest photosynthetic rate among taxa, higher than 11 µmol m´2¨s´1 on water limited plants and higher than 15.5 µmol m´2¨s´1 on water limited plants. The range in leaf-level instantaneous water use efficiency due to water limitation increased from 8% in E. longirostrata to~28% in E. camaldulensis, E. brassiana, and E. crebra. E. amplifolia provenance Clouds CK showed the highest biomass production and reduced susceptibility to water limitation. C. torelliana had a relative high leaf area production and a small decrease under water limited condition. E. moluccana showed the largest reduction of leaf area under water limitation. E. amplifolia, E. argophloia, and E. crebra showed the highest stomatal conductance and photosynthetic rates under water limited condition and the smallest decrease in these variables due to water limitation. C. torelliana, E. macarthurii, GG100, and E. moluccana showed the lowest stomatal conductance and the largest reduction in photosynthetic rate under water limitation (Figure 1). (from 10.34 µmol m −2 ·s −1 to 8.85 µmol m −2 ·s −1 ). E. argophloia, E. amplifolia, and E. crebra showed the highest photosynthetic rate among taxa, higher than 11 µmol m −2 
E. amplifolia provenance Clouds CK showed the highest biomass production and reduced susceptibility to water limitation. C. torelliana had a relative high leaf area production and a small decrease under water limited condition. E. moluccana showed the largest reduction of leaf area under water limitation. E. amplifolia, E. argophloia, and E. crebra showed the highest stomatal conductance and photosynthetic rates under water limited condition and the smallest decrease in these variables due to water limitation. C. torelliana, E. macarthurii, GG100, and E. moluccana showed the lowest stomatal conductance and the largest reduction in photosynthetic rate under water limitation ( Figure  1 ). The relation between physiological variables were statistically similar (p-value > 0.05), showing a gradient of behavior among taxa and water availability (Figure 2 
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The productivity of the eucalypts is strongly related to water supply [22, 23] , and drought conditions affects growth, biomass production, and harvestable yield [24] . Water limitation applied to the 16 eucalypt taxa in our experiment was moderate and relatively long for seedlings, over two months, resulting in decreased total biomass production ranging from 18% to 47% (Table 3 ). This type of water stress (moderate and prolonged) is known to result in greater impact on biomass production than severe drought stress for a short period [25, 26] .
Our results, under controlled greenhouse conditions with seedlings in pots, are in accordance with experimental field results. Christina et al. [27] studied, under field conditions, the response of 37% of rainfall exclusion in three year old E. grandis Hill ex Maiden clonal stands. They found significant decrease in growth (53% in leaf area and 30% in total height) and in physiological characteristics. Similarly, we also observed a significant reduction in leaf area, a structural adaptation to reduce the transpiration surface of the canopy.
The E. camaldulensis showed similar changes in the shoot/root ratio under soil water limited conditions to those presented by Chaves et al. [28] with a greater decrease of shoot than root system. On the other hand, the E. brookeriana expressed the opposite behavior under soil water limited conditions. Contrasting responses in shoot and root biomass production reflect the different strategies that the 16 studied taxa show in relation to carbon allocation. In general, the decrease in soil water availability increase carbon partitioning to root production, aiming to increase fine root surface, and water absorption capacity [29, 30] . Despite the general behavior, our results show that a range of responses to soil water deficit has significant impacts on growth, leading to variable wood biomass production under stressful conditions.
Physiological and growth responses of related species like Corymbia citriodora subsp. variegata and Corymbia henryi, that are molecularly homogeneous [31] , or the two sources of both C. citriodora subsp. variegata and E. amplifolia, show that the variation within the species (different provenances) was similar or higher than the variation among species. Significant intra-specific variation in these traits is commonly observed in eucalypts [12, 32] . This variation in widespread species is more often related to the provenance's environmental conditions [12, 13] than traits specific to the species. Hence, plants sourced from areas with high water stress are generally more drought-tolerant, however they are likely to be less responsive under well-watered conditions showing lower production [5] . Therefore inter/intra species hybridization is an effective method to obtain satisfactory productivity rates while incorporating drought-tolerance characteristics from more drought tolerant parents.
Both Eucalyptus species belonging to the Maidenaria section (known as the cold tolerant section), C. torelliana, one E. amplifolia provenance, and the C. citriodora subsp. variegata (CCV2) from the Deniliquin seed orchard were less responsive in leaf area reduction under water limitation conditions, as observed in other genera [33] . These taxa were from cold environments, either from cold located provenances or colder ex situ growing conditions, than the other sources of the same taxa. Probably, the morphological and physiological characteristics that provide cold tolerance are related to drought tolerance, affecting plant hydraulics to maintain the photosynthetic rate in stressful conditions [34, 35] . Adaptation to colder environments may be due to cold stress reducing hydro activity, causing osmotic stress within the cell [36] .
We found significant reductions in leaf area of Eucalyptus and Corymbia genus (>30%), however, C. torelliana was the least affected by water limitation. Similar results were found by Myers and Landsberg [25] , who reported reduction of 20% in leaf area under water stressed condition in what was then called E. maculata Hook (no provenance details were provided, therefore, it could be either C. maculata, C. citriodora subsp. variegata or even C. henryi, following recent taxonomic revisions: e.g., [37] ). In accordance with our results, Cernusak et al. [38] described that the variation during the dry periods in ecosystem gas exchange was more related to changes in leaf area than changes in the photosynthetic rate.
Eucalypt species show a wide range of responses to water stress that are related to the environment of origin, resulting in different combinations of morphological and physiological attributes to provide drought tolerance [39] . For example, in our study E. molucana is the only Adnataria specie from high precipitation region (>1500 mm year´1), and one of the most sensitive in biomass production and leaf area under water limited conditions. E. argophloia and E. crebra, from the Adnataria section, showed high transpiration, with high reduction of leaf area under water limitation, from provenances from regions with average annual rainfall lower than 750 mm year´1. Taxa from stressful environmental conditions have the ability to respond strongly to avoid desiccation under water stress conditions by a range of mechanisms including shedding leaves, the arrangement of their leaves, and cellular processes that allow them to withstand low water potentials [5] .
The highest increase in leaf-level water use efficiency under water stress conditions was shown by E. camaldulensis, E. brassiana (both Exsertaria section), and E. crebra. White et al. [40] described that water use efficiency at leaf level is not correlated to plantation water productivity efficiency in eucalypt stands. Silva et al. [41] discuss that increase in water efficiency in leaf scale is result of mechanisms aimed to allow plant survival under stressful conditions. E. camaldulensis is one of most suitable species for regions with drought stress [42] . Eucalyptus camaldulensis and E. brassiana, from the Exsertaria section, are widely used in commercial plantations to improve drought tolerance. However, both species are susceptible to gall wasp-Leptocybe invasa Fisher & La Salle [43] . This ubiquitous pest of eucalypts stands, was first observed in Brazil in 2007, and is currently spread across several states, causing widespread damage in nurseries and stands. Mendel et al. [44] tested several eucalypt species and observed hosts from Exsertaria, Latoangulata, and Maidenaria sections, three important sections of Eucalyptus plantation worldwide [16] .
Our study was developed under controlled conditions of water availability to the seedlings, however under field conditions the physiological behavior is influenced by other abiotic stresses (e.g., temperature and nutritional status) interacting with drought [45] . Therefore, future research will focus on understanding how the relations between the productivity and physiological behavior under controlled and field conditions are important to improve the ability to select adapted taxa to stressful environments.
Conclusion
Our results indicate that non-commercial taxa that evolved in regions with different environmental conditions/stresses can be a source of different mechanisms of stress tolerance through pure specie stands or hybridization aiming introgression of these characteristics into commercial plantations.
